The National Ignition Facility (NIF) utilizes several different pixelated sensor technologies for various measurement systems that include alignment cameras, laser energy sensors, and high-speed framing cameras. These systems remain in the facility where they are exposed to 14MeV neutrons during a NIF shot. The image quality of the sensors degrades as a function of radiation-induced damage. This article reports on a figure-of-merit technique that aids in the tracking of the performance of pixelated sensors when exposed to neutron radiation from NIF. The sensor dark current growth can be displayed over time in a 2D visual representation for tracking radiation induced damage. Predictions of increased noise as a function of neutron fluence for future NIF shots allow simulation of reduced performance for each of the individual camera applications. This predicted longevity allows for proper management of the camera systems.
INTRODUCTION
The National Ignition Facility 1 (NIF) is a 192-laser beam facility that supports the Inertial Confinement Fusion program. During the ignition experimental campaign, the NIF is expected to perform shots with varying fusion yield producing 14 MeV neutrons up to 20 MJ or 7.1x10 18 neutrons per shot and a maximum annual yield of 1200 MJ. Several alignment systems and shot related diagnostic systems require the use of two dimensional semiconductor type cameras. 2, 3 Examples include alignment cameras, laser energy sensors, and high speed framing cameras. These cameras include high-quality scientific-grade Charge Coupled Devices (CCD) requiring cooling and 16 bits of dynamic range; 8, 10 or 12-bit room temperature CCDs; and Complementary Metal Oxide Semiconductor (CMOS) imagers. During the normal conduct of operations, these camera systems are exposed to various types of radiation that cause long term degradation of the image quality and overall camera performance. The primary example of degradation is 'hot' pixels or 'stars' resulting from excess leakage current which are randomly distributed throughout the array. Other types of degradation include low charge transfer efficiency values in rows or columns, resulting in localized lines or streaks in the image and 'dead' pixels not responsive to incident photons. These types of failures result in a reduction of image quality and decreased signal-tonoise or both depending on the use of the sensor.
To help manage the data quality of the imaging sensors that are exposed to various radiation fields, a visualization figure-of-merit has been developed to monitor the performance of the camera systems. The technique displays the sensor dark current response normalized to the well depth versus the normalized number of pixels that have that response or better (lower noise). In essence, this is the complementary cumulative sum for the probability distribution of pixels for dark current response. Tracking of the radiation-induced damage is used to establish the instantaneous sensor health and is used to predict the expected increase in the dark current as a function of the neutron fluence for future NIF shots. The figures-of-merit are used in conjunction with the individual camera applications, allowing for proper management of the camera systems including predicted longevity and performance guidance for expected reduced data quality.
HISTOGRAM REPRESENTATION OF PIXEL SENSOR DARK CURRENTS
The evaluation of the health of a 2D imaging sensor array involves the examination of the pixel response to an image acquisition with no light (dark field) or the response to a uniform field of photons (bright field). The test image result is typically displayed as a histogram where the horizontal axis represents the amplitudes in counts defined by the number of bits of the sensor acquisition system. The histogram for a typical dark field image from a scientific-grade CCD, operating under normal conditions displays the frequency of occurrence for the possible amplitudes of the sensor recording system. The highest frequency of pixel counts for an undamaged sensor represents the ideal pixel dark current, as shown in Figure 1 . The CCD well depth, a key figure-of-merit is monitored by setting the scale of the horizontal axis to the maximum possible counts for the sensor ADC. A reduction in the well depth degrades the dynamic range and signal-tonoise. When a neutron strikes a pixel, it may permanently change the dark current response due to permanent damage of the semi-conductor lattice resulting in reduced charge transfer efficiency and trapped charges with long lifetime decay constants resulting in general radiation-induced noise. The affected pixel will have a noise band ranging from slightly over the background to full saturation, depending on the extent of the damage. Figure 1 . The expected histograms from an ideal image sensor (left) and after exposure to radiation (right). The pixel mean dark current is represented in both instances; however the addition of radiation-induced pixel dark current is now present after exposure to damaging radiation.
The histogram shown in Figure 2 is typical for this type of camera and the mean value in the histogram is the sensor dark current represented in counts. The dark current values typically exhibit a Gaussian distribution with mean value (µ) and standard deviation (σ) described in Equation 1:
Ideally, the distribution would have no width (σ = 0) such that all the pixels would fall in one bin. The same data is displayed in each graph; however the plot on the right is shown in log-log space. For this sensor the bin size is one count per bin, and the bin range is from 0-4095 counts (12 bits).
For every camera that may receive a significant neutron dose during a NIF yield shot, background images are captured before and after the shot to track the pixel noise history. The histogram in Figure 3 shows one sensor that has received large cumulative 14MeV neutron fluence (fluence > 1×10 10 n/cm 2 ). The pixel dark current values show an increased dark current from a significant portion of the pixels in the sensor. The quantity of pixels that have been affected by the
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Pixel Counts neutron radiation field is another figure-of-merit that is monitored over time to establish the health of the sensor. The difficulty is to establish a reliable and consistent way of tracking the growth of the sensor pixel damage for long periods of time. For most applications, even though the pixel is considered damaged, the sensor can still function to the measurement requirements. However there will be a point where this is no longer the case and the sensor will have to be replaced. The user of the system must establish the criteria that will determine when the sensor must be replaced based on the extent of the induced noise. The mean pixel dark current is still observed at the left end of the distribution with the additional amplitudes representing radiation damaged pixels extending to the maximum (saturated) count of 4095.
NORMALIZED PLOT REPRESENTATION
To facilitate a more complete representation of the sensor array health, we introduce an alternate display that can fully describe the array as a function of radiation dose on the sensor. The plot is a reverse sum histogram where the abscissa represents the fraction of occupied well depth and the ordinate represents the fraction of pixels with amplitudes greater than that fraction. The plot is normalized both to the maximum number of bits (well depth) and to the total number of pixels in the array. Because the axes are normalized, the plot shows available well depth over the array. This presentation of the data provides several unique features not available in a normal histogram view. The reverse sum histogram plot is shown in log-log space to enable viewing the statistics when there are just a small number of pixels that may be damaged. With this representation, a sensor that has not been exposed to radiation is shown as the solid curve in Figure 3 . The knee in the curve represents the dark current mean value of the sensor array and is the same mean () value extracted from the histogram plot. The values below the knee represent the remaining fraction of pixels that have amplitude values greater than the mean value. For a normal working camera, this resembles a waterfall. The dashed black line represents the possible array response after exposure to neutron radiation and several interpretations are important to note. The first knee may be shifted to the right from the previous measurement. This implies that the overall pixel dark current has increased for the entire array. Correlated Double Sampling 4 (CDS) will mask this type of baseline shift and is not expected to be observed in systems that deploy this technology. Next, there are a fraction of pixels with increased counts from the mean value. Reviewing the curve, one can obtain the fraction of the array that has higher counts than the pixel mean value. As the exposure to radiation is increased, more pixels will develop permanent damage and the curve will shift up until eventually the red dashed curve is described. When the array response has reached this level, 100 percent of the pixels have 100 percent of their well depth occupied. It is noted that when using this technique for comparing several images, it is imperative that the dark images are collected with the same settings each time. A change in gain, integration time, and offset will result in similar shifts in the curves that will mask the real change in the sensor performance.
PREDICTIVE MODEL BASED ON NORMALIZED PLOT
Careful examination of the normalized reverse sum histogram plot can be used to develop a parametric equation to predict the neutron radiation damage effects on a sensor. The overview of the steps used to predict damage are: 1) Find a function that can be fit to the normalized reverse sum histogram plot, 2) Solve for the fit coefficients, 3) Determine how the coefficients change with neutron exposure, and 4) Use the predicted coefficients to generate statistics to simulate the pixel dark current after future yields. This method is more robust than our original method for approximating the camera performance after early neutron yield shots in NIF 5 .
Before a camera has been degraded by exposure to neutrons, the pixel dark current of the sensor follow a Gaussian distribution with mean value µ and standard deviation σ, as given in Equation 1. The reverse sum histogram for a Gaussian distribution is:
where is the cumulative probability distribution function for a Gaussian equation:
The error function in Equation 3 is given by the following equation: Some Gaussian distributions are shown in Figure 5a and the normalized reverse sum histograms for these Gaussians are shown in Figures 5b and 5c . The values for the mean and standard deviation are chosen so that the plots describe typical pixel distributions of an unexposed camera, such as the one shown in Figure 2 . Figure 5 . a: Gaussian probability distribution functions which represent the dark current in undamaged CCD pixels, b: normalized reverse sum histograms on linear plot and c: normalized reverse sum histograms on a log-log plot.
When a camera has been exposed to neutrons, the normalized reverse sum histogram has an additional tail caused by a small fraction of pixels that have been damaged and exhibit a large dark current, as shown in Figure 4 . The number of pixels that have a large dark current exponentially decays with increasing dark current value. However, a pure exponential function, such as , would not describe well the distribution of damaged pixels because there would be many pixels that have a lower dark current than the original mean dark current of µ. To ensure that the dark current of the damaged pixels only increase from their original values, the solution is to model the distribution of damaged pixels using an exponential function convolved with a Gaussian function. The Gaussian distribution used in the convolution is the same distribution that describes the undamaged pixels. This exponentially-modified Gaussian distribution 6 is described by the following equation: Pixel Counts 1000 where x represents the dark current amplitudes in the histogram, µ represents the mean dark current of the Gaussian function,  represents the standard deviation of the Gaussian function, and τ is the exponential decay coefficient. The reverse sum histogram for an exponentially modified Gaussian distribution is then given by
where , , and is the cumulative probability of a Gaussian given in Equation 3. A plot showing some exponentially-modified Gaussian distribution functions is shown in Figure 6a and the associated reverse sum histograms of this function are shown in Figures 6b and 6c . Figure 6 . An exponentially modified Gaussian probability distribution function and normalized reverse sum histograms. The sample values chosen for the mean, standard deviation and exponential decay are typical of those found describing the damaged pixels for our CCDs.
The key to using the Gaussian and exponentially-modified Gaussian functions to describe the observed statistics is to realize that the total probability distribution function for a camera is the sum of two individual probability functions that each separately describes the undamaged and damaged pixels. A weighting factor 0≤a≤1 changes that fraction of pixels that follow each distribution, so that the net probability distribution function can be described by the following equation: .
The function has four parameters that represent the pixel parameters of the graph in relation to well depth capacity, and pixel damage population in relation to neutron yield. The same four parameters are used to describe the reverse sum histogram function: .
(8) Figure 7 shows the observed reverse sum histogram curves for a few images from one camera with increasing neutron yield along with the best fit curves for the data. For example at the point labeled A on Data 1 fifty percent of the well depth is occupied. Figure 7 . The reverse sum histogram measured data with best fit curves for three images taken after increasing amounts of cumulative neutron yield. The neutron cumulative yield increased from 1.1×10 15 for "Data 1" to 4.3×10 15 for "Data 2" to 7.6×10 15 for "Data 3." The best fit values are: , and for Fits 1-3 respectively. At point A at least fifty percent of the well depth is occupied for 0.001 percent of the pixels in the array.
A best fit of the four parameters for a series of camera images with increasing cumulative yield has been done for a number of cameras (>17) installed in NIF for dozens of neutron yield generating shots. Many of the camera systems on NIF have distributions of damaged pixels that are described well by the exponentially-modified Gaussian function, such as the one shown in Figure 7 . However for some of the cameras, the reverse sum histogram shape is slightly different and there is larger error in the best fit curve. The common result found is that the best fit values of the three parameters describing the individual probability distribution functions do not significantly change with neutron yield, while the fourth parameter describing the weighting has a linear dependence on neutron yield. This is true, even for the cameras that exhibit a slightly different reverse sum histogram shape; however we are still investigating different functions that may result in better fits for those systems.
The fourth parameter can be used to describe the number of damaged pixels by the equation:
.
A * For example, the camera used in the Figure 7 example has pixels, so the number of damaged pixels for increased from to to . When the number of damaged pixels is plotted versus the neutron yield, such as in Figure 8 , a linear dependence on the yield is found. The cumulative neutron yield shown is the total number of neutrons produced at the target for the shots where this camera was installed in the target bay. It has not been scaled to represent the actual number of neutrons that hit the chip, which depends on proximity to the target chamber (the neutron source) and local shielding effects in the target bay. For cameras at different locations, we found that the slopes varied between 78 and 142 pixels per 10 14 total neutron yield. Extrapolating the curve shown in Figure 8 to higher yield values gives a prediction for how many pixels one can expect to be damaged after future shots. Using the corresponding value of , with the known values for the other three parameters in Equation 5 yields the expected probability distribution function for the pixel dark current at a future date. This dark current noise can be used to generate simulated images to test the algorithms that use these images for robustness. Figure 8 . The number of damaged pixels increases linearly with neutron yield. For this particular camera, the slope of the curve is 90.8 pixels per 10 14 neutron yield.
One caveat is that the number of damaged pixels cannot increase linearly with yield for infinite yield, as there are not an infinite number of pixels on one camera chip. However, it is expected that once such a high fraction of pixels are damaged and the effect becomes nonlinear, the camera will no longer be useable anyway do to other damaged control circuitry that is interfaces to the sensor. Test show that COTS (commercial off the shelf) camera systems that contain high density memories and programmable array logic do not survive beyond 14 MeV fluence levels greater than 5×10 11 n/cm 2 .
It is possible to ask, for example, when will 10% of the pixels on this sensor be damaged? A slope of 90.2 pixels per 10 14 neutron yield is equivalent to 0.0047% pixels per 10 14 neutrons. So 10% of the pixels for this camera will be damaged when the cumulative yield is 2.13×10 17 neutrons. If the current cumulative yield is 1.45×10 16 neutrons, then the remaining yield is 1.98×10 17 neutrons. This would be 198 shots with 10 15 neutrons yield, or not even one full yield (7.1×10 18 neutrons) shot. This type of calculation helps determine whether the time it takes to remove all the cameras before a shot is well-spent.
The question of how many pixels can be damaged in a camera system without negatively affecting the system performance (i.e. does 10% of pixels damaged create too much noise?) needs to be further investigated for many of the systems on NIF. Having a tool to generate statistics for dark current noise to simulate images with additional pixel damage will be valuable for this process.
SUMMARY
We have described a series of algorithms for a two dimensional representation of graphic data that allow for the succinct visual evaluation of an image sensor performance when exposed to a neutron radiation field. Several figures-of-merit can be easily track over time leading to a quantitative relationship between exposure to radiation damage and the performance of the imaging sensor array. Also we have implemented a novel technique that allows for the prediction of future image sensor performance based on the response function of existing radiation exposures. Information that can be extracted from the plot include but not limited to dark current and well depth values based on pixel population, charge transfer efficiency failures, and radiation damage performance effects over time.
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